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Abstract - The cr i t ical  role  of the  nature of aromatic ring substituents 
i n  t h e  open chain substrates  i n  t h e  acid-catalyzed cyclialkylation 
reaction through 2-2(arylethyl)-l,3,3-trimethylcyclohexyl cation is 
exemplif ied with a large number of easily accessible  mono- and d i -  
substituted 2-(2-arylethyl)-l,3,3-trimethylcyclohexanols and a few 2-(2- 
ary le thyl )  -3,3-dimethyl-l-methylenecyclohexanes i n  t h e  dis t r ibut ions 
of the  respect ive trans- and cis-podocarpatrienes. The cyclohexanol or 
t h e  cyclohexylidene precursors  having unactivated aromatic ring 
proceeds with high s tereoselect ivi ty  leading to the  respect ive =- 
products, while the  substrates  with an electron donating substituent 
with respect  to  the  s i te  of e lectrophi l ic  a t tack resul t  i n  t h e  correspon- 
ding cis- and the  =-product mixtures. Consistent mechanisms for 
these stereochemical resul ts  have been advanced. Based on these 
resul ts  simple syntheses of a few diterpenes have been real ized.  
I NTR 0 D U CTI 0 N 
The acid-catalyzed intramolecular cyclialkylation reaction constitutes one of the  simplest 
and most widely used methods for the  synthesis  of ring-2-aromatic resin acids  ( r e f s .  1-8) 
and various naturally occurring di terpenoids  having =-dimethyl group i n  a trans- 
octahydrophenanthrene s t ructure  ( r e f s .  9-22) . Despite the  simplicity and converging nature 
of t h i s  method considerable confusion ex is t s  regarding the  unpredictable stereochemical 
outcome of the  cyclization products ( r e f s .  5 and 19) which seems to  depend upon  the  
s t ructure  of the  substrates  including t h e  nature and position of the electron donating 
subst i tuent(s)  i n  the  aromatic ring i n  t h e  open chain substrates .  I would l i k e  to  present 
i n  t h i s  paper  the  development of a consistent mechanism for the  stereochemical resu l t s ,  
par t icular ly  i n  the  acid catalyzed cyclialkylation reaction (AC+ABC route) of 2-(2- 
ary le thyl )  -1,3,3-trimethylcyclohexy1 cation 1, generated from the  easily accessible te r t ia ry  
alcohols 2 ,  leading to  an expeditious total synthetic route to naturally occurring 
diterpenoids having t h e  basic skeletal  s t ructure  3 .  
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EARLIER STUDIES ON THE STEREOCHEMISTRY OF CYCLIALKYLATION 
PRODUCTS 
A s  mentioned above,despi te  the  simplicity of the  AC9ABC route ,  i n  many cases it suffered 
from a lack of s tereoselect ivi ty  ( r e f s .  18-22). Attempts have been made ( r e f s .  19-22) to  
rationalize t h e  resul ts  of t h e  various cyclialkylation reactions leading to di terpennids  and 
t h e i r  congeners. From a detailed study Davis and h i s  co-workers ( r e f s .  23 and 24) have 
recently demonstrated t h a t ,  under mild condition u s i n g  MeSO H-PZO mixture a s  t h e  
cyclization reagent, p-methodoxyphenylethylcyclohexanols 4a i ) t r a n s - a H )  5a, and the  
corresponding 2-methoxy isomers 4b (=-OH) 5b afford the  respect ive --fused 
podocarpatriene der iva t ives  9a and 9b i n  good y ie lds  and stereochemical pur i ty .  In  
contrast, t h e  m-methoxyphenylethyl substrates  4c (--OH) 5c under similar condition led 
to a mixture of trans and cis-cyclized products 9c and lOc, along with some other  minor 
products ,  where the  =-compound predominates. It has  a lso been shown tha t  under the  
relat ively harsh  conditions of polyphosphoric acid induced cyclization, the  alcohols 4a or 
5a also give the  rearranged =-isomer 6 besides  t h e  =-product 9c ( r e f s .  23 -25) .  In 
a l l  reported cyclialkylations leading to  t h e  t r icyc l ic  di terpenoids ,  having t h e  general 
structure 3 ,  t h e  carbocation 1 required for  such reaction has  been generated from the 
intermediate cyclohexanols, e.g. 4 and 5 (or the  related cyclohexenes) involving hydr ide  
t ransfer  s teps .  A s  a consequence it was des i rab le  to  study t h e  cyclialkylation reactions of 
the  te r t ia ry  cyclohexanols subs t ra tes ,  such as 2 ,  which i n  pr inciple  would lead to the  
cation 1, mimizing t h e  chance of rearrangement leading to  t h e  products of type  6. 
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SYNTHESIS OF THE SUBSTRATES FOR CYCLIALKYLATIONS 
The 2-arylethyl-3,3-dimethylcyclohexanones (15a-k), key intermediates for t h e  
cyclohexanols (7a-k) or  the  cyclohexylidenes (8a-d), were prepared i n  over 90% yield by 
a general method ( r e f s .  26-28) involving conjugale audition ( r e f .  2 9 )  of a methyl group to 
the  respect ive cyclohexenones (14a-k) . The cyclohexenones were obtained i n  good y ie lds  
by alkylation of Hagemann ' s  es te r  (11) with the  appropriate  phenylethyl bromides (12a-k) 
followed by alkaline hydrolyt ic  decarboxylation of the  corresponding C-3 a lkylated 
products 13a-k, produced i n  over 90-95% puri ty  (Scheme-1). 
The alcohols (7a-k) and the  cyclohexylidenes (8a-d) were prepared by condensation of the  
ketones 15a-k with MeMgI and Wittig reactions, respect ively.  
oz 7-10 and 12-15 Scheme I 
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STEREOCHEMICAL DISTRIBUTION OF CYCLIZED PRODUCTS IN THE 
CYCLIALKYLATION REACTIONS OF 7 A N D  8 
To define the  influence of the aromatic ring methoxy and methyl substituents i n  the  
phenylethylcyclohexanols (7a-i) and the  olefins (8a-d) on s tereoselect ivi ty  i n  t h e  key cycli- 
zation s t e p ,  these were subjected to cyclization with MeS03H-P205, ( 5 :  1) according to Axon 
_ _  et a1 ( re fs .  23  and 2 4 ) .  A par t  of the crude cyclization prcduct isolated from each of the  
reactions ( r e f .  27 )  w y s  f i l tered through a wide column of neutral alumina and subjected to  
analysis by GC and H NMR ( 2 0 0  M H z ) .  Quantitative evaluations of the trans- and cis- 
cyclized products a r e  outlined i n  Table. Some of these resul ts  have already been reported 
( r e f s .  2 6  and 2 7 ) .  In most cases ,  th?  major trans- product from each of the  cyclization 
reactions was identified by GC and H NMR comparisons with purified samples and the  
minor *-isomer was characterized specifically by the  upfield signal ( r e f .  30)  of t h e  C - 4  
a-methyl group ( 6 H  0 .3-0 .4) .  
MECHANISM OF CYCLIALKYLATION REACTIONS 
O u r  resul ts  (Table)  on t h e  stereochemistry of cyclialkylation of the  cyclohexanols (7a-i), 
part icular ly  under mild condition u s i n g  MeS03H-P205, a s  reagent, provide with some 
important generalizations. These resul ts  a r e  also consistent and qualitatively comparable 
with the  observations by Davis and co-workers ( r e f s .  23 and 2 4 )  on t h e  cyclizations of 
the  related methoxyphenylethylcyclohexanols 4a-c and 5a-c. Cyclizations of the  cyclohexa- 
no1 substrates  7 (a,b,d,g,h) with an unactivated aromatic nucleus lead cleanly to t h e  
respect ive *-products 9(a,b,d,g,h). The exocyclic olefins (8a,b,d) also gave only the  
respect ive --products. In contrast ,  t h e  cyclohexanols 7 (c,e,f ,i) that  incorporate an 
electron donating methoxy or methyl substituent, para to the  s i te  of e lectrophi l ic  a t tack 
on the  aromatic r i n g ,  including the  disubst i tuted aromatic precursors  (en t r ies  1 0  and 1 3 ) ,  
generate ( re f .  31) more d iverse  a r ray  of products (including ortho-cyclization) containing 
predominating or substantial amounts of the  =-isomers lO(c,e,f.i) along with the  trans- 
isomers 9(c,e,f,i). The cyclization of the  olefin 8c (entry 6 )  also gave the  * product 
1Oc. I t  is important to  note that  it is the  location of the  activating methoxy or  methyl 
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Table : Cyclization of Cyclohexanols (7a-i) and Cyclohexylidens (8a-d) with MeS03H-P205 
( 1 0 : l ) f o r  i 5  m i n  a t  20-25OC : Ratio of t h e  trans and cis-podocarpatrienes. 
Aocohol/ Yielda Products Ratiob of 
Entry o le f in  , ( % )  trans + c i s  t r a n s l c i s  
~~~ 
Alcohol/ Yielda Products Ratiob of 
Entry o l e f i n  ( % )  t r a n s + c i s  t r a n s / c i s  
1 7a 93 9a f 10a 
2 8a 99 9a + 10a 
3 7b 95 9b + 10b 
4 8b 99 9b + 10b 
5 7c 83 9c + 1Oc 
6 8c 9 5  9c + 1oc 
(contd. 
99 : 1 
100  : 0 
100 : 0 
100 : 0 
42 : 58‘ 
34 : 66 
....... ) 
7 7d 9 3  9d + 10d 99 : 1 
8 8d 95 9d + 10d 99 : 1 
9 7e 80 9e + 10e 70 : 30 
10 7f 82 9f + 10f 58 : 42 
11 7g 9 2  9g + log 97 : 3 
1 2  7h 9 0  9h + 1Oh 97 : 3 
13  7 i  81 9 i  + 1 O i  60 : 40 
aYield of the trans and cis cyclized products i n  the  i so la ted  mater ia l s ;  bDetennined by GC 
comparisons with purf trans- samples and integrated signal intensities of c lear ly  
separated peaks from H NMR spectra  i n  CDC13 a t  2 0 0  MHz; ‘The rat io  of 9c/lOc given 
i n  ref.27 was incorrect. 
group with respect  to t h e  s i te  of e lectrophi l ic  attack that  governs the  react ivi ty  of the  
aromatic r i n g .  The stereochemical resul ts  of the  present and the  ear l ie r  works can be 
clearly explained by consideration that  aromatic rings without the  para activating group 
a r e  not sufficiently nucleophilic to reaction through the  concerted protonation cyclization 
pathways ( r e f s .  5 and 31) 1C or 1D of t h e  olefins 1B or  8c (Scheme-Z), but requi re  
complete protonation to  carbocation 1 which reacts  with high s tereoselect ivi ty  by pathway 
1 A  due to m i n i m u m  s te r ic  effects ( r e f s .  5 and 31)  to  give =-products. With an 
activating para substituent, t h e  pathways 1C or 1D competes with pathway 1 A  to  give a 
mixture of cis and =-products. The exact ra t io  of products could vary significantly 
with small changes i n  reaction conditions or star t ing substrates .  
SYNTHESIS OF SOME NATURALLY OCCURRING DITERPENOIDS 
A s  shown above,  the  easily accessible  phenylethylcyclohexanol (7a) on cyclization under 
mild condition u s i n g  MeS03H-P 0 mixture affords pract ical ly  pure trans product 9a i n  
excellent y ie ld .  In contrast ,  2su%strates 7g and 7 i  with an electron donating aromatic 
methoxy or a methyl group with respect  to t h e  s i te  of e lectrophi l ic  a t tack resul t  i n  t h e  
corresponding trans- and cis mixtures 9g and log, and 9 i  and 1 O i .  Based on these 
important informations remarkabLy simple stereoselective routes hav: been designed for 
synthesis  of - trans-A/B-ring-(l-aromatic diterpenoids , for  example (i) -ferruginol (16), 
( r e f .  2 6 ) ,  (+)-nimbi01 (17) ( r e f .  2 7 )  and the  f i r s t  total  synthesis  c f  the  recently isolated 
( r e f .  33) (+)-nimbidiol (18) ( r e f s .  27 and 32) .  
1 6 , R = H 2  17, R = M e  19 21 2 2  
18, R=OH 
20, R = i - P r  
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T h e  s t e r e o c h e m i c a l  r e s u l t s  of the  c y c l i a l k y l a t i o n  of 2 - (2 -p )  -and-(  2 - g - i s o p r o p y l p h e n e t h y l )  - 
c y c l o h e x a n o l s  (7j) a n d  (7k) f o l l o w  the g e n e r a l  p a t t e r n s  observed w i t h  m e t h y l  or m e t h o x y  
s u b s t i t u e n t s ,  l e a d i n g  m a i n l y  t o  the  --product 9j, a n d  the  trans a n d  * -p roduc t s  
m i x t u r e  9k a n d  10k i n  a ra t io  of 2 : 1 ,  respectively ( r e f .  2 8 ) .  T h e  h y d r o c a r b o n  9j ( r e f .  
3 4 )  w a s  c o n v e r t e d  to  ( * ) - s e m p e r v i r o l  (19). T h e  trans a n d  p r o d u c t  m i x t u r e  (9k + 10k) 
w a s  t r a n s f o r m e d  to ( * ) - s u g i o l  (20)  a n d  ( + ) - x a n t h o p h e r o l  ( 2 1 ) .  F i n a l l y ,  the eas i ly  
a c c e s s i b l e  t r a n s - d i r n e t h o x y  c o m p o u n d  (9h) has b e e n  c o n v e r t e d  to  the n a t u r a l l y  o c c u r r i n g  
s e s q u i t e r p e n e  ( * ) - w i n t e r i n  (22)  by a k n o w n  m e t h o d  ( r e f .  3 5 ) .  
CONCLUSION 
I n  c o n c l u s i o n ,  w e  feel that o p e r a t i o n a l l y  s i m p l e  a n d  e f f i c i e n t  g e n e r a l  c o n v e r g e n t  s e q u e n c e  
developed d u r i n g  the p r e s e n t  w o r k  c e r t a i n l y  c o n s t i t u t e s  o n e  of the  shortest a n d  h i g h l y  
s t e r e o c o n t r o l l e d  s y n t h e s i s  of the C - 4 - ~ - d i m e t h y l  i n c o r p o r a t i n g  ring-:-aromatic diterpe- 
n o i d s  a n d  v a r i o u s  o ther  n a t u r a l  p r o d u c t s .  I n  a d d i t i o n ,  the  p r e s e n t  i n v e s t i g a t i o n  has  
provided s u b s t a n t i a l  e v i d e n c e  on the n a t u r e  a n d  s t e r e o c h e m i s t r y  of the c y c l i z a t i o n  of the  
c a t i o n  of type 1 d e p e n d i n g  u p o n  the p o s i t i o n  of a r o m a t i c  s u b s t i t u e n t s  w i t h  r a t i o n a l  
m e c h a n i s t i c  a n a l y s i s  w h i c h  has b e e n  a m a t t e r  of debate f o r  m a n y  y e a r s  ( e . g .  r e f s .  1 9 , 2 4  
a n d  2 5 ) .  
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